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About a quarter of all meteorites falling on Earth today originate from the breakup of the L-chondrite 
parent body ∼470 Ma ago, the largest documented breakup in the asteroid belt in the past ∼3 Ga. 
A window into the ﬂux of meteorites to Earth shortly after this event comes from the recovery of 
about 100 fossil L chondrites (1–21 cm in diameter) in a quarry of mid-Ordovician limestone in southern 
Sweden. Here we report on the ﬁrst non-L-chondritic meteorite from the quarry, an 8 cm large winonaite-
related meteorite of a type not known among present-day meteorite falls and ﬁnds. The noble gas data 
for relict spinels recovered from the meteorite show that it may be a remnant of the body that hit and 
broke up the L-chondrite parent body, creating one of the major asteroid families in the asteroid belt. 
After two decades of systematic recovery of fossil meteorites and relict extraterrestrial spinel grains from 
marine limestone, it appears that the meteorite ﬂux to Earth in the mid-Ordovician was very different 
from that of today.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction and background
Of the meteorites falling on Earth today about 85% are ordi-
nary chondrites, divided based on iron and metal content into 
the H, L and LL groups. Among these the H and L groups make 
up 45% each, with the remainder being LL chondrites (Bevan et 
al., 1998). Since the 1960s it has been known that most of the 
L chondrites show shock features and K–Ar gas retention ages 
of ∼470 Ma, reﬂecting that the parent body of these meteorites 
broke up in a major collisional event at this time (Anders, 1964;
Keil et al., 1995; Bogard, 2011; Swindle et al., 2014). Backtracking 
the orbits of individual members of asteroid families shows that 
either the ∼6000 member Flora or ∼1000 member Geﬁon families 
may be the residual remains in the asteroid belt (Nesvorný et al., 
2002, 2009; Kyte et al., 2011). The breakup has also left prominent 
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ﬁnds of fossil meteorites in mid-Ordovician marine limestone in 
Sweden, a systematic search for such meteorites was initiated in 
the Thorsberg quarry in southern Sweden (Schmitz et al., 2001;
Schmitz, 2013). In the quarry, mid-Ordovician limestone is sawed 
for production of ﬂoor plates, among other uses. The lithiﬁed sed-
iments were deposited far from land and formed slowly, 2–4 mm 
Ka−1. It is in the industrial process that the meteorites are recov-
ered, and until today 101 meteorites, 1–21 cm in diameter, have 
been found, representing ∼98% of all fossil meteorites known to 
science. The recovered meteorites fell over an area of ∼20 000 m2
of the sea ﬂoor during ∼2 Ma. The limestone beds being sawed 
and yielding meteorites, however, represent <1 Ma of time. All 
meteorites except the one discussed in this paper are ordinary 
chondrites, and they are all (or almost all) L chondrites (Schmitz, 
2013). Comparisons with the recent ﬂux of meteorites indicate 
a ﬂux at least one to two orders of magnitudes higher in the 
mid-Ordovician (Schmitz et al., 2001). This is also supported by 
the distribution in strata worldwide of sediment-dispersed, relict under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
146 B. Schmitz et al. / Earth and Planetary Science Letters 400 (2014) 145–152Fig. 1. The Thorsberg quarry and the Mysterious Object. (A) Thorsberg quarry on June 15, 2013. See Fig. 2 for names of different beds. The Österplana church is seen in the 
back. (B) The Mysterious Object from the Glaskarten 3 bed. The meteorite is 8 × 6.5 × 2 cm in size. It was found in the youngest quarried bed of the Thorsberg quarry, at 
the top of the section.L-chondritic chromite grains (63–250 μm in diameter), represent-
ing the ancient ﬂux of micrometeorites (Schmitz et al., 2003;
Schmitz and Häggström, 2006; Heck et al., 2008, 2010; Cronholm 
and Schmitz, 2010; Meier et al., 2010, 2014; Lindskog et al., 2012;
Schmitz, 2013).
In the collection of fossil meteorites there has until now been 
no second type of meteorite that could represent the impactor that 
hit the L-chondrite parent body. Neither do we know of any other 
type among recently fallen meteorites with gas retention ages of 
470 Ma, similar to the L chondrites (Bogard, 2011). Establishing 
the character of the impactor could give insights about whether 
the breakup, and possibly also coeval environmental perturbations 
on Earth, are related to a large-scale astronomical event affecting 
the entire solar system (Schmitz, 2013). For example, if the im-
pactor was a comet this could reﬂect a general perturbation of 
the orbits of Oort cloud comets and an increase in the comet ﬂux 
to the inner solar system (Perryman, 2009). One would also ex-
pect that in the systematic recovery of fossil meteorites, sooner 
or later a meteorite representing the non-L-chondritic background 
ﬂux would be found. On June 26, 2011 the quarry workers were 
removing limestone beds of low industrial quality from the upper 
part of their quarry. In the quarry’s uppermost bed, Glaskarten 3, 
the quarry workers identiﬁed an 8 × 6.5 × 2 cm prominent gray 
clay inclusion as a fossil meteorite (Figs. 1–2). All fossil mete-
orites are almost completely replaced mainly by calcite and clay 
minerals, and spinel minerals are the only common relict com-
ponents (Schmitz et al., 2001). Based on spinel analyses, it was 
soon obvious that this meteorite, with the working name Mys-
terious Object (MO), is of a completely different kind than the 
ordinary chondrite meteorites so far found. Here we discuss the 
possible origin of the MO based on analyses of elements and O 
and Ne isotopes in its spinels as well as concentrations and iso-
topes of Os in MO whole-rock. Based on the results, that hint at a 
winonaite-like origin, we also studied, for comparison, the spinel 
fraction of recently fallen meteorites that could be analogues to 
the MO.2. Materials and methods
For detailed information on materials and methods, see Sup-
plementary Online Material, only a summary is given here. The 
elemental compositions of chrome spinel grains from the MO and 
three recent winonaites, Winona, NWA 725 and NWA 4024, were 
determined with a scanning electron microscope (SEM) equipped 
with a calibrated energy dispersive spectrometer (EDS). The anal-
yses were performed on polished surfaces, and a cobalt stan-
dard was used to control instrumental drift. Eight chrome spinel 
grains from the MO and a similar number from one of the L 
chondrites from the same quarry were prepared for oxygen-three 
isotopic analysis using multicollector secondary ion mass spec-
trometry (SIMS). Five MO grains and six L chondrites grains proved 
suitable for analysis. A primary Cs+ ion beam with a spot size of 
∼10 μm was used to sputter O-ions from the grains. The three 
oxygen isotopes were collected in multicollection mode using Fara-
day cups for 16O and 18O and an electron multiplier for 17O. The 
data were standardized using Burma spinel. This is not ideal, be-
cause there is evidence of a matrix effect related to iron content 
in spinels (Heck et al., 2010). However, the L-chondrite spinels 
plot very close to the average O-isotope composition for bulk L 
chondrites, giving us conﬁdence that our standardization is rea-
sonable. In addition, matrix effects are mass-dependent and will 
move the compositions along a slope ∼0.52 line on an oxygen 
three-isotope plot. We are primarily interested in 17O (deﬁned 
as δ17O–0.52 × δ18O), the distance that an object plots away from 
the terrestrial mass-fractionation line, so conclusions are not sen-
sitive to mass-dependent variations (see Supplementary Online 
Material for details). Helium and Ne isotopes were measured in 
each of seven chrome spinel grains from the MO with an ultra-
high sensitivity noble gas mass spectrometer. Two small (12 and 
43 mg) aliquots of the bulk MO meteorite were analyzed for Os 
and Os isotopes by inductively coupled plasma mass spectrom-
etry (ICPMS) using different methods in two different laborato-
ries.
B. Schmitz et al. / Earth and Planetary Science Letters 400 (2014) 145–152 147Fig. 2. Distribution of fossil meteorites in the Thorsberg quarry by June 2013. The 
position of the Mysterious Object is marked by the arrow. The division of the col-
umn in different beds is based on tradition used by quarry workers.
3. Results
The MO whole-rock Os concentrations and isotopes data as 
well as the chrome-spinel O and Ne isotopes clearly conﬁrm 
that it is a fossil meteorite, and not a volcanic bomb or any 
other terrestrial material. The MO contains about 50 opaque 
chrome spinel grains >63 μm per gram meteorite, which is below 
the range (∼100–3800 grains/g) of chromite content in equili-
brated L-chondrites (Bjärnborg and Schmitz, 2013). We found that 
Winona and NWA 4024 contain about similar concentrations of 
large chrome spinel grains as the MO, but in NWA 725 they 
are signiﬁcantly more abundant. Most MO spinel grains recov-
ered are 60–90 μm large, but rare grains up to 200 μm in the 
longest axis do exist. This is similar to the grains in Winona 
and NWA 4024, but in NWA 725 they are often much larger, 
up to 500 μm. The MO chrome spinel grains have a very differ-
ent appearance than those in equilibrated ordinary chondrites, 
but resemble those in recent winonaites. The MO grains are 
commonly euhedral with large crystal surfaces, and show a ten-
dency for octahedral shapes. We searched also for transparent Mg–Al spinels (>28 μm), a characteristic component of the more 
common types of carbonaceous chondrites (Simon et al., 2000;
Bjärnborg and Schmitz, 2013), but none were found. Neither did 
we ﬁnd such Mg–Al spinel grains in the recent winonaites studied.
The individual chrome spinel grains of the MO are in gen-
eral homogeneous in elemental composition, but there are sig-
niﬁcant differences between grains, see Figs. 3 and 4 and Sup-
plementary Tables S1–S7. Most grains have Al2O3 content in the 
range 20–30 wt%, Cr2O3 35–45 wt%, FeO 23–28 wt% and MgO 
4–6 wt%, but there is also a small population with ∼70 wt%
Cr2O3, and low Al2O3, 0.2 wt%. The composition of the MO spinels 
is very different from the narrow and characteristic composi-
tional range of chromite in equilibrated ordinary chondrites, e.g., 
Al2O3 ∼ 5–8 wt%, Cr2O3 ∼ 55–60% and FeO ∼ 25–30 wt% (Schmitz 
et al., 2001; Cronholm and Schmitz, 2010; Schmitz, 2013). Chrome 
spinel grains from recent winonaites are equilibrated and show 
only minor compositional variations within individual meteorites, 
but large variations between different meteorites (Fig. 3). The MO 
grains show much higher Al2O3 and signiﬁcantly lower Cr2O3 con-
centrations than the grains from recent winonaites. The MO grains 
show some similarities, such as high Al2O3 and Cr2O3, to chrome 
spinel grains from a winonaite-related clast found in the Villalbeto 
de la Peña L6 chondrite (Bischoff et al., 2013; see further below) 
(Fig. 4).
Oxygen three-isotope analysis is a powerful tool to classify me-
teorites (Clayton, 1993). The oxygen isotopic compositions of the 
MO chrome spinels are clearly distinct from those of modern and 
fossil L chondrites (Heck et al., 2010). The compositions of MO 
spinels are also distinct from other ordinary chondrites, CR, CV, 
and CO carbonaceous chondrites, and acapulcoites and lodran-
ites (Fig. 5). Instead, the MO spinels deﬁne a trend very similar 
to meteorites of the winonaite group (Fig. 5) (Greenwood et al., 
2012). The MO spinels overlap with the upper end of the range for 
ureilites, but ureilites typically do not contain spinels, and those 
that do have only a few very tiny spinels in shock-melt pockets 
(Berkeley et al., 1980). The ﬁeld for bulk CM2 chondrites also lies 
in the same region as the ureilites, but the bulk oxygen composi-
tions are not the appropriate ones for this comparison. CM2 chon-
drites are mechanical mixtures of two types of material: (1) a high 
temperature component consisting of calcium–aluminum-rich in-
clusions, chondrules, and isolated olivine and pyroxene grains and 
(2) ﬁne-grained hydrous matrix consisting primarily of phyllosili-
cates. The high-temperature component has oxygen compositions 
lying on the CCAM line toward more 16O-rich compositions, and 
its spinels are mostly Mg–Al spinel (not seen in the MO). The low-
temperature component plots just below the CCAM line but to the 
upper right, mostly off of Fig. 5 (Clayton and Mayeda 1984, 1999). 
The δ17O and δ18O values for the MO have a relatively large spread 
along the winonaite array (Fig. 5). Some of this scatter may be due 
to variations in instrumental mass fractionation due to cracks and 
topography of the measured spinel grains (e.g., Kita et al., 2009). 
Some of the scatter may also reﬂect minor diagenetic alteration of 
the grains.
The whole-rock samples of the MO show high Os concentra-
tions, 800–1200 ng/g, and low 187Os/188Os ratios of 0.123–0.132, 
similar to the Thorsberg quarry fossil ordinary chondrites
(72–1280 ng/g; 0.126–0.175) as well as recent ordinary chondrites 
(420–1050 ng/g; 0.127–0.131) (Meisel et al., 1996; Schmitz et al., 
2001). Similarly, the recently fallen winonaites, Pontlyfni and Tierra 
Blanca, have 780 and 1220 ng/g Os, respectively (Davis et al., 1977;
Kallemeyn and Wasson, 1985).
We calculated 3He and 21Ne production rates (P3 and P21, re-
spectively) using an elemental production rate model (Leya and 
Masarik, 2009) for a meteoroid radius of 25 cm and a shielding 
depth of 10 cm as in Heck et al. (2004, 2008). Using these pro-
duction rates, cosmic-ray exposure (CRE) ages of 0.9 ± 0.3 Ma and 
148 B. Schmitz et al. / Earth and Planetary Science Letters 400 (2014) 145–152Fig. 3. Element compositions of chrome spinels in Mysterious Object, recent winon-
aites (Winona, NWA 725, NWA 4024), recent H5/6 and L5/6 chondrites, and Or-
dovician fossil meteorites, and of sediment-dispersed Ordovician chromite (SEC). For 
data and references, see Supplementary Tables S1–S5 and S7.
Fig. 4. Element compositions of chrome spinels in Mysterious Object, a winonaite-
related clast in Villalbeto de la Peña, recent H5/6 and L5/6 chondrites, and Ordovi-
cian fossil meteorites, and of sediment-dispersed Ordovician chromite (SEC). For 
data and references, see Supplementary Tables S4–S7.
B. Schmitz et al. / Earth and Planetary Science Letters 400 (2014) 145–152 149Fig. 5. Oxygen isotopic compositions. Results obtained in this study for chrome 
spinels from a fossil L chondrite and from the Mysterious Object are compared to 
the oxygen isotopic compositions of a variety of meteorite types. The L-chondrite 
data agree well with the values for recently fallen, bulk L chondrites. The Mys-
terious Object is clearly distinct from almost all meteorite types. Winonaites and 
the chrome spinels from the Mysterious Object lie along a single trend just below 
TF (terrestrial fractionation) line. (CCAM line = carbonaceous chondrite anhydrous 
mineral line.) Data from Clayton et al. (1991), Clayton and Mayeda (1996, 1999), 
and Greenwood et al. (2012).
1.1 ± 0.4 Ma were calculated from cosmogenic 3He and 21Ne con-
centrations, respectively (Supplementary Tables S8–S9). While all 
elements present in chrome spinel grains produce 3He in about 
equal amounts (within one order of magnitude), 21Ne is predom-
inantly produced by spallation reactions on Mg and, to a lesser 
extent, on Al. Four grains with high Mg and Al concentrations, as 
determined by SEM-EDS, also released higher 21Ne amounts, while 
the three grains low in Mg and Al released less 21Ne (Supplemen-
tary Figure S1). This conﬁrms that the 21Ne in the grains is of 
predominantly cosmogenic origin. For 3He, there is a more sim-
ple dependency on mass, as expected.
Opaque chrome spinels with high (20–30%) Al2O3 also exist in 
lunar rocks (Papike et al., 1998), but the high Os concentrations of 
the MO as well as the Os and O isotope data clearly rule out such 
an origin. Rare and/or small (<63 μm) Al2O3-rich chrome spinels 
also exist, e.g. in Rumuruti chondrites (Bischoff et al., 2011) and in 
unequilibrated ordinary chondrites (Holstein et al., 2013), but such 
meteorites contain also other more common types of spinels that 
have not been found in the MO. The O isotopic results also exclude 
that the MO originates from any of these meteorite groups. The 
eucrite Pasamonte contains chrome spinel with high Al2O3 (Bunch 
and Keil, 1971), but eucrites are low in platinum group elements 
(Warren et al., 1996).
4. Discussion
The combined data, concentrations and isotopes of Os in whole 
rock as well as element and O isotope compositions of the sep-
arated spinels, show that the MO is of a meteorite type that has 
no documented equivalent among the ∼49 000 recent meteorites 
known today. Although the oxygen isotopic compositions of the 
MO are most similar to the bulk compositions of the rare winon-
aites, the precision of the data is not very good, leaving a signif-
icant uncertainty in assigning the MO to the winonaites. In addi-
tion, the spinel composition (Al-rich) is clearly different from that 
(Mg-rich) of the three winonaites studied by us (Figs. 3 and 4; Sup-plementary Tables S1–S7). There are other meteorite types with 
somewhat similar oxygen isotopic compositions, but other char-
acteristics of these objects do not match the MO. Enstatite chon-
drites and achondrites plot along the terrestrial fractionation (TF) 
line, but these meteorites do not contain chromite or other ox-
ide minerals. Eucrites also have oxygen isotopes that plot near 
the TF line, but these meteorites are depleted in siderophile el-
ements. Acapulcoites and lodranites, which, like winonaites are 
primitive achondrites, have 17O values near those of winon-
aites (Fig. 5) (Greenwood et al., 2012), but are slightly more 
16O-rich and their spinels have different compositions. The MO 
shows some similarities to a black, unusual cm-sized winonaite-
related xenolith in the Villalbeto de la Peña meteorite that fell 
in 2004 in Spain (Bischoff et al., 2013). This meteorite was ﬁrst 
classiﬁed as a shocked L6 chondrite, but after the discovery of 
the xenolith it was reclassiﬁed as a metamorphosed, polymict L-
chondritic breccia. The xenolith is the only material known to us 
that is similar both in oxygen isotopes and chrome spinel compo-
sition (Al-rich) to the MO. It may have been incorporated in the 
breccia long before the breakup of the L-chondrite parent body, 
judging from hydrothermal metamorphism and shock veins cut-
ting through it as well as the adjacent rock (Dyl et al., 2012;
Bischoff et al., 2013).
All types of primitive achondrites are very rare, and there 
are signiﬁcant uncertainties regarding their origin (Benedix et al., 
1998, 2000; Greenwood et al., 2012). Different primitive achon-
drites with similar oxygen isotopic composition could represent 
separate melting residues from a few differentiated parent bodies, 
but they could also represent different parent bodies that formed 
in the same region of the condensing nebula.
A previous study of chromite grains from nine fossil mete-
orites from six beds across ∼3.8 m of vertical distance in the 
Thorsberg quarry yielded comparatively low 21Ne CRE ages, from 
∼0.1–0.2 to ∼0.8–1.2 Ma (Fig. 6) (Heck et al., 2004, 2008). The 
CRE ages generally increase upward in the sediment column, with 
the difference in exposure age between the stratigraphically high-
est and lowest meteorite (∼1 Ma) being similar to the time dif-
ference in deposition on the sea ﬂoor based on biochronological 
estimates of sedimentation. The meteorites in the oldest bed quar-
ried, Arkeologen, occur only ∼80 cm above the ﬁrst level with 
abundant sediment-dispersed EC grains, i.e., the level most likely 
representing the time for the breakup of the L-chondrite par-
ent body. The young average CRE age, ∼0.1 Ma, of the Arkeolo-
gen meteorites and the gradual increase upward of the exposure 
ages, and the identical elemental and oxygen isotopic composi-
tion of chromite throughout the section (Schmitz et al., 2001;
Heck et al., 2010), conforms with the idea that all meteorites orig-
inated from one breakup event, and reached Earth at successively 
later times (Heck et al., 2004, 2008). The CRE age of ∼1 Ma for the 
MO is similar to the CRE ages measured in fossil meteorites from 
the youngest strata in the Thorsberg quarry (Fig. 6). The low ex-
posure age of only ∼1 Ma, which is much shorter than typically 
observed in achondrites, e.g., ∼20–80 Ma for winonaites (Benedix 
et al., 1998), but identical to the L-chondritic fossil meteorites in 
the same sediment beds, strongly suggests that the MO is related 
to the other meteorites, i.e., it is likely to have been released as a 
decimeter-sized object during the L-chondrite parent body breakup 
event. The MO is therefore unlikely to be an unrelated fossil mete-
orite from the background ﬂux.
We see three different possibilities for the origin of the MO. 
The ﬁrst, and our favored scenario, is that the MO represents a 
fragment of the body that hit and broke up the L-chondrite parent 
body. Although most of this body probably was vaporized, frag-
ments from the body could have been ejected and reached Earth 
together with L-chondritic material. About 25 recent winonaites 
are known and 39Ar–40Ar ages exist for three of them, all showing 
150 B. Schmitz et al. / Earth and Planetary Science Letters 400 (2014) 145–152Fig. 6. Cosmic-ray exposure ages for mid-Ordovician fossil meteorites. The Mysterious Object is the Gla 3 003 meteorite at the top of the section. The cosmic-ray exposure 
ages of the meteorites increase with stratigraphic height in concordance with sedimentation rates as established from conventional biochronology (Heck et al., 2004, 2008). 
The data indicate that all the fossil meteorites, including the Mysterious Object, originate from a breakup event that took place about 200 Ka before the lowermost beds in 
the quarry formed. The 21Ne data of Supplementary Table S8 have been recalculated for a correct comparison with the previous data in Heck et al. (2004, 2008).ages of >4.4 Ga (Benedix et al., 1998). There is thus no sup-
port from these data for a collisional event involving the winon-
aite parent body. Considering how different the spinels of the MO 
are in their elemental composition compared to those of recent 
winonaites, it is possible that the MO represents a related but dif-
ferent asteroid body than the one providing winonaites to Earth 
today. For example, the IAB iron meteorites show the same oxygen 
isotopic composition as recent winonaites, and are considered to 
represent the iron core of the differentiated winonaite/IAB parent 
body (Benedix et al., 2000). There are many types of related iron 
meteorites for which no corresponding mantle material is known, 
reﬂecting that stony material is ground down in the asteroid belt 
at a faster rate than an iron core (Wasson and Kallemeyn, 2002). 
Future research may ﬁnd rare winonaite-related meteorites with 
gas retention ages similar to those of L chondrites.
A second possible scenario is that there was a winonaite-like 
asteroid in the region where the L-chondrite parent body broke 
up, and that the MO resulted from a ricochet collision during the 
breakup event. The rarity of winonaite meteorites falling on Earth 
today, however, argues against the idea of a large winonaite-like 
body in the region of the asteroid belt from where the ordinary 
chondrites originate today.
The third scenario would be that the MO was a part of the 
regolith of the L-chondrite parent body, an idea that concurs 
with the ﬁnd of the similar xenolith in Villalbeto de la Peña. Al-
though >16 000 recently fallen L chondrites are known, the only 
winonaite-related object similar to the MO is the clast in the Vil-
lalbeto de la Peña meteorite. This indicates that such material was 
rare in the regolith of the L-chondrite parent body, and cannot account for the one-in-a-hundred ﬁnd in the mid-Ordovician me-
teorite assemblage. The discovery of the MO, however, may raise 
awareness of a so far overlooked relation between winonaites and 
L chondrites. The MO chromite grains do not contain solar-wind 
Ne that can be typical of regolith breccias. Also the very short CRE 
age of the MO argues against a pre-breakup residence in asteroidal 
regolith. Neither does the MO contain any L-chondrite chromite 
grains representing the matrix of such a regolith.
For a parent body of approximately 100 km in radius, in or-
der to obtain one meteorite fall from the (smaller) impactor for 
every hundred falls from the larger body, an impactor of roughly 
20 km radius is required. An N-body calculation of encounter rates 
within the asteroid belt shows that encounters between 100 km 
asteroids and 20 km impactors are likely to happen at a rate of 
about four every Ga (Supplementary Figs. S2–S4). As such encoun-
ters have impact speeds many tens of times larger than the surface 
escape speed of the 100 km asteroid, breakup of both asteroids is 
likely. Those breakups located close to the orbital resonances are 
most likely to lead to a series of impacts on the Earth, as orbital 
elements of objects in the resonances will be perturbed chaoti-
cally leaving some fragments on Earth-crossing orbits (Zappalà et 
al., 1998). Further studies of relict meteoritic spinels in Earth’s 
sedimentary record has the potential to yield an improved under-
standing of these ancient events in space (Schmitz, 2013).
5. Conclusions
After two decades of a systematic search for meteorites on 
the ancient Ordovician seaﬂoor ∼100 ordinary chondrites have 
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drites (Schmitz, 2013). Here we report on the ﬁrst recovered me-
teorite, the “Mysterious Object”, that is not an L-chondrite, but 
a winonaite-related meteorite of a kind that has no equivalent 
among the meteorites found on Earth today. Cosmic-ray exposure 
ages inferred from the relict chrome spinels indicate that the MO 
is related to the breakup of the L-chondrite parent body. It may 
be a fragment of (1) the impactor that broke up the L-chondrite 
parent body, (2) a nearby winonaite-like asteroid hit by a ricochet 
from the L-chondrite breakup, or (3) a pre-breakup breccia on the 
L-chondrite parent body. We favor the ﬁrst alternative because of 
the rarity of documented winonaite-bearing breccias among recent 
L chondrites, lack of solar gases and low cosmogenic gas content 
of MO spinels, and absence of matrix-related L-chondritic spinels 
in the MO.
If the MO is a piece of the impactor, then the possible role of 
a winonaite-related object in one of the major, late collisions in 
the asteroid belt, an event still providing about a quarter of all 
meteorites to Earth, together with the extreme rarity of winonaite 
meteorites today, will be challenging to explain in terms of solar 
system dynamics and meteorite delivery processes. Based on our 
empirical data it is clear, however, that the meteorite ﬂux to Earth 
in the mid-Ordovician was very different from that of today.
Acknowledgements
This study was supported by an European Research Council Ad-
vanced Grant to B.S., in part by NASA grant NNX08AE08G to K.K., 
and a grant to M.M. from the Swiss National Science Foundation. 
The Robert A. Pritzker Center was funded by the Tawani Founda-
tion. We are grateful to Göran, Sören and Stig Thor for their role in 
the meteorite search, supported by grants to B.S. from the National 
Geographic Society and Swedish Research Council. We thank Knut 
Deppert, Per Eriksson and Anneli Nilsson-Ahlm for support that 
made this study possible. Excellent reviews by Addi Bischoff and 
Tim Swindle improved the paper signiﬁcantly. This is Hawai’i Insti-
tute of Geophysics and Planetology publication #2036 and School 
of Ocean and Earth Science and Technology publication #9107.
Appendix A. Supplementary material
Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2014.05.034.
References
Anders, E., 1964. Origin, age and composition of meteorites. Space Sci. Rev. 3, 
583–714.
Benedix, G.K., McCoy, T.J., Keil, K., Bogard, D.D., Garrison, D.H., 1998. A petrologic 
and isotopic study of winonaites: evidence for early partial melting, brecciation 
and metamorphism. Geochim. Cosmochim. Acta 62, 2535–2553.
Benedix, G.K., McCoy, T.J., Keil, K., Love, S.G., 2000. A petrologic study of the IAB 
iron meteorites: constraints on the formation of the IAB-winonaite parent body. 
Meteorit. Planet. Sci. 35, 1127–1141.
Berkeley, J.L., Taylor, G.J., Keil, K., 1980. The nature and origin of ureilites. Geochim. 
Cosmochim. Acta 44, 1579–1597.
Bevan, A.W.R., Bland, P.A., Jull, A.J.T., 1998. Meteorite ﬂux on the Nullarbor region 
Australia. Geol. Soc. (Lond.) Spec. Publ. 140, 59–73.
Bischoff, A., Vogel, N., Roszjar, J., 2011. The Rumuruti chondrite group. Chem. Erde – 
Geochem. 71, 101–133.
Bischoff, A., et al., 2013. Reclassiﬁcation of Villalbeto de la Peña – Occurrence of 
a winonaite-related fragment in a hydrothermally metamorphosed polymict L-
chondritic breccia. Meteorit. Planet. Sci. 48, 628–640.
Bjärnborg, K., Schmitz, B., 2013. Large spinel grains in a CM chondrite (Acfer 331): 
implications for reconstructions of ancient meteorite ﬂuxes. Meteorit. Planet. 
Sci. 48, 180–194.
Bogard, D.D., 2011. K–Ar ages of meteorites: clues to parent-body thermal histories. 
Chem. Erde – Geochem. 71, 207–226.
Bunch, T.E., Keil, K., 1971. Chromite and ilmenite in non-chondritic meteorites. Am. 
Mineral. 56, 146–157.Clayton, R.N., 1993. Oxygen isotopes in meteorites. Annu. Rev. Earth Planet. Sci. 21, 
115–149.
Clayton, R.N., Mayeda, T.K., 1984. The oxygen isotope record in Murchison and other 
carbonaceous chondrites. Earth Planet. Sci. Lett. 67, 151–166.
Clayton, R.N., Mayeda, T.K., 1996. Oxygen isotope studies of achondrites. Geochim. 
Cosmochim. Acta 60, 1999–2017.
Clayton, R.N., Mayeda, T.K., 1999. Oxygen isotope studies of carbonaceous chon-
drites. Geochim. Cosmochim. Acta 63, 2089–2104.
Clayton, R.N., Mayeda, T.K., Goswami, J.N., Olson, E.J., 1991. Oxygen isotope studies 
of ordinary chondrites. Geochim. Cosmochim. Acta 55, 2317–2337.
Cronholm, A., Schmitz, B., 2010. Extraterrestrial chromite distribution across the 
mid-Ordovician Puxi River section, central China: evidence for a global major 
spike in ﬂux of L-chondritic matter. Icarus 208, 36–48.
Davis, A.M., Ganapathy, R., Grossman, L., 1977. Pontlyfni: a differentiated meteorite 
related to the group IAB irons. Earth Planet. Sci. Lett. 35, 19–24.
Dyl, K.A., Bischoff, A., Ziegler, K., Young, E.D., Wimmer, K., Bland, P.A., 2012. 
Early Solar System hydrothermal activity in chondritic asteroids on 1–10-year 
timescales. Proc. Natl. Acad. Sci. USA 109, 18306–18311.
Greenwood, R.C., Franchi, I.A., Gibson, J.M., Benedix, G.K., 2012. Oxygen isotope 
variation in primitive achondrites: the inﬂuence of primordial, asteroidal and 
terrestrial processes. Geochim. Cosmochim. Acta 94, 146–163.
Heck, P.R., Schmitz, B., Bauer, H., Halliday, A.N., Wieler, R., 2004. Fast delivery of 
meteorites to Earth after a major asteroid collision. Nature 430, 323–325.
Heck, P.R., Schmitz, B., Baur, H., Wieler, R., 2008. Noble gases in fossil micromete-
orites and meteorites from 470 Myr old sediments from southern Sweden and 
new evidence for the L chondrite parent body breakup event. Meteorit. Planet. 
Sci. 43, 517–528.
Heck, P.R., et al., 2010. A single asteroidal source for extraterrestrial Ordovician 
chromite grains from Sweden and China: high-precision oxygen three-isotope 
SIMS analyses. Geochim. Cosmochim. Acta 74, 497–509.
Holstein, J.L., Schmitz, B., Heck, P.R., 2013. Alteration of chondrites on the sea ﬂoor: 
Mezö-Madaras (L3.7). In: 76th Ann. Meteorit. Soc. Meet., abstr. #5133.
Kallemeyn, G.W., Wasson, J.T., 1985. The compositional classiﬁcation of chondrites: 
IV. Ungrouped chondritic meteorites and clasts. Geochim. Cosmochim. Acta 49, 
261–270.
Keil, K., Haack, H., Scott, E.R.D., 1995. Catastrophic fragmentation of asteroids: evi-
dence from meteorites. Planet. Space Sci. 42, 1109–1122.
Kita, N.T., Ushikubo, T., Fu, B., Valley, J.W., 2009. High precision SIMS oxygen isotope 
analysis and the effect of sample topography. Chem. Geol. 264, 43–57.
Kyte, F.T., Shukolyukov, A., Hildebrand, A.R., Lugmair, G.W., Hanova, J., 2011. 
Chromium-isotopes in Late Eocene impact spherules indicate a likely asteroid 
belt provenance. Earth Planet. Sci. Lett. 302, 279–286.
Leya, I., Masarik, J., 2009. Cosmogenic nuclides in stony meteorites revisited. Mete-
orit. Planet. Sci. 44, 1061–1086.
Lindskog, A., Schmitz, B., Cronholm, A., Dronov, A., 2012. A Russian record of a Mid-
dle Ordovician meteorite shower: extraterrestrial chromite at Lynna River, St. 
Petersburg region. Meteorit. Planet. Sci. 47, 1274–1290.
Meier, M.M.M., Schmitz, B., Baur, H., Wieler, R., 2010. Noble gases in individual L 
chondritic micrometeorites preserved in an Ordovician limestone. Earth Planet. 
Sci. Lett. 290, 54–63.
Meier, M.M.M., Schmitz, B., Lindskog, A., Maden, C., Wieler, R., 2014. Cosmic-ray ex-
posure ages of fossil micrometeorites from mid-Ordovician sediments at Lynna 
River, Russia. Geochim. Cosmochim. Acta 125, 338–350.
Meisel, T., Walker, R.J., Morgan, J.W., 1996. The osmium isotopic composition of the 
Earth’s primitive upper mantle. Nature 383, 517–520.
Nesvorný, D., Morbidelli, A., Vokrouhlický, D., Bottke, W.F., Broz, M., 2002. The 
Flora family: a case of the dynamically dispersed collisional swarm? Icarus 157, 
155–172.
Nesvorný, D., Vokrouhlický, D., Morbidelli, A., Bottke, W.F., 2009. Asteroidal source 
of L chondrite meteorites. Icarus 200, 698–701.
Papike, J.J., Ryder, G., Shearer, C.K., 1998. Lunar samples. In: Papike, J.J. (Ed.), Plan-
etary Materials. In: Reviews in Mineralogy, vol. 36. Mineralogical Society of 
America, Washington, DC, pp. 5:01–5:234.
Perryman, M., 2009. Astronomical Applications of Astrometry – Ten Years of Ex-
ploitation of the Hipparchos Satellite Data. Cambridge Univ. Press. 670 pp.
Schmitz, B., 2013. Extraterrestrial spinels and the astronomical perspective on 
Earth’s geological record and evolution of life. Chem. Erde – Geochem. 73, 
117–145.
Schmitz, B., Häggström, T., 2006. Extraterrestrial chromite in Middle Ordovician ma-
rine limestone at Kinnekulle, southern Sweden – traces of a major asteroid 
breakup event. Meteorit. Planet. Sci. 41, 455–466.
Schmitz, B., Tassinari, M., Peucker-Ehrenbrink, B., 2001. A rain of ordinary chondritic 
meteorites in the early Ordovician. Earth Planet. Sci. Lett. 194, 1–15.
Schmitz, B., Tassinari, M., Häggström, T., 2003. Sediment-dispersed extraterrestrial 
chromite traces a major asteroid disruption event. Science 300, 961–964.
Simon, S.B., McKeegan, K.D., Ebel, D.S., Grossman, L., 2000. Complexly zoned 
chromium–aluminum spinel found in situ in the Allende meteorite. Meteorit. 
Planet. Sci. 35, 215–227.
Swindle, T.D., Kring, D.A., Weirich, J.R., 2014. 40Ar/39Ar ages of impacts involving 
ordinary chondrite meteorites. Geol. Soc. (Lond.) Spec. Publ. 378, 333–347.
152 B. Schmitz et al. / Earth and Planetary Science Letters 400 (2014) 145–152Warren, P.H., Kallemeyn, G.W., Arai, T., Kaneda, K., 1996. Compositional-petrologic 
investigations of eucrites and the QUE94201 shergottite. Antarc. Meteor. 21, 
195–197.
Wasson, J.T., Kallemeyn, G.W., 2002. The IAB iron-meteorite complex: a group, ﬁve subgroups, numerous grouplets, closely related, mainly formed by crystal segre-
gation in rapidly cooling melts. Geochim. Cosmochim. Acta 66, 2445–2473.
Zappalà, V., Cellino, A., Gladman, B.J., Manley, S., Migliorini, F., 1998. Asteroid show-
ers on Earth after family breakup events. Icarus 134, 176–179.
